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This work evaluates the changes in radiative properties of two decomposing carbonaceous porous ma-
terials, each composed of two semi-transparent, homogeneous and isotropic phases. The understanding
of the complex dependence of macroscopic optical behaviour on material microstructure, bulk phase
properties and the wavelength of incoming radiation is paramount for modelling, design and optimi-
sation of systems incorporating such media. Experimental and numerical techniques were combined to
solve the homogenised radiative transfer equations using Monte Carlo ray tracing in the limit of
geometrical optics. Effective radiative properties required by these equations were determined by Monte
Carlo techniques using the exact 3D microstructures of the samples, obtained through high-resolution
synchrotron computed tomography. This methodology is applied to a medium density carbon
phenolic and a high density graphite reinforced polymer composite, each composed of semi-transparent
solid and ﬂuid phases. The extent of material decomposition is seen to affect the absorption behaviour of
both samples. This effect is more obvious in the lower density carbon phenolic, where an 18% increase in
absorptance is observed due to decomposition, compared to an increase of just 2% for the graphite. A
library of absorption data is presented for use in continuum heat transfer modelling of similar chemically
reacting macroporous carbon composites.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Spacecraft employ composite materials as Thermal Protection
Systems (TPS) to survive entering a planetary atmosphere at hy-
personic speeds. Under intense convective and radiative heating
from the surrounding shock layer, these composites decompose
and erode, transferring heat away from the payload. Lower density
TPS employing porous carbon phenolics have been considered in an
attempt to reduce structural and fuel load and increase payload
capacity.
Post-ﬂight evaluation of the Stardust capsules forebody heat
shield [1] as well as statistical modelling of TPS material micro-
structure [2] have recently conﬁrmed the volumetric nature of
ablation. In-depth oxidation leaves the carbon preform exposed to
its extreme operating environment, where radiation becomes a
signiﬁcant (and eventually, dominant) mode of heat transfer [3].
The majority of the heavy carbonaceous molecules released duringsener).the break-down of the resin demonstrate semi-transparent
behaviour and can signiﬁcantly alter the radiative properties of
the TPS. In order to evaluate the ﬂight worthiness of these modern
lightweight composites, it is imperative to fully understand their
response to extreme conditions.
Radiation within ﬁbrous insulators has previously been
accounted for in simpliﬁed or artiﬁcial porous geometries through
the use of semi-analytical models [4e7] or by applying radiative
transfer equations (RTEs) with appropriate apparent properties
[8e10]. Recent advances in computational techniques allow for the
incorporation of the exact morphology from 3D data obtained by
imaging techniques such as computed tomography [11e13]. These
investigations rely on volume averaging theory for the derivation of
the homogenised RTEs [14e16]. The incorporated effective radia-
tive properties can be obtained by using Monte Carlo methods, in
the limit of geometrical optics [8]. The theory has been derived for
multi-component media with semi-transparent homogeneous,
isotropic single phases [14].
To date computational applications have assumed two phases,
either transparent and opaque [14], or transparent and semi-
Nomenclature
A Absorptance
d Diameter or characteristic length, m
fv Phase volume fraction
Ii Volume averaged radiative intensity in phase i,
Wm3 sr1
k Imaginary part of complex refractive index
n Real part of complex refractive index
R Reﬂectance
Tr Transmittance
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Greek symbols
b Extinction coefﬁcient, m1
G Resin volume fraction
U Solid angle, sr
u Scattering albedo
F Scattering phase function, sr1
f Porosity
ri Density of component phase, kg m
3
rr Directional-hemispherical reﬂectivity
ss Scattering coefﬁcient, m1
l Wavelength, m
Subscripts
i; j Phase declarations
b Blackbody
d Discrete scale
reﬂ Reﬂection
refr Refraction
REV Representative elementary volume
N. Banerji et al. / Carbon 122 (2017) 451e461452transparent [16e18]. In a variety of applications however, there is a
possibility of both phases being semi-transparent in the wave-
length range of interest, or, for reacting media, during part of the
reaction process [19]. The resulting macroscopic optical behaviour
is dependent on the material microstructure, bulk properties of the
phases and inter-phase characteristics. Incorporating this macro-
scopic optical behaviour into a coupled multi-physics computation
or investigation requires detailed knowledge of the effect of the
different phases and their properties on the overall optical
behaviour.
This work aims to quantify the inﬂuence of the semi-transparent
bulk phases on the macroscopic optical behaviour of a sample and
to provide correlations based on single phase bulk material prop-
erties. These correlations are readily incorporated into macroscopic
simulations. The effective properties, calculated by applying the
discrete-scale approach to the real 3D geometries of the samples
obtained by computed tomography, are used to derive continuum
radiative properties for a semi-inﬁnite slab of the material sample.
The two-phase media considered are a medium density carbon
phenolic ablator [20] and a high density graphite reinforced poly-
mer ablator [21], each comprised of semi-transparent ﬂuid and
solid phases.
2. Methodology
This study considers quasi-steady radiative transfer in amedium
consisting of two semi-transparent phases. The phase compositions
are dependent on the extent of reaction (i.e. decomposition): (i)
initially the sample consists of solid ﬁbres bound by thermoset
resin and an air ﬁlled gas phase, and (ii) after the heterogeneous
reactions, the solid phase comprises solely of the ﬁbres and the gas
phase contains a mixture of strongly attenuating pyrolysis gases
and air. The equations for the assessment of radiative transfer, given
in the next section, are solved using Monte Carlo ray tracing. The
method is subject to the following assumptions: (i) both phases are
homogeneous and isotropic; (ii) each phase has constant, non-
polarising optical properties; (iii) both phases are at local ther-
modynamic equilibrium; (iv) the characteristic length of each
component is greater than the wavelengths of interest, validating
the application of geometrical optics; (v) negligible diffraction; (vi)
all components are at rest as compared to the speed of light and
(vii) dependent-scattering effects are negligible. The main gov-
erning equations, derived by Lipinski et al. [14], are summarised in
Section 2.1.2.1. Governing equations and implementation
The quasi-steady homogenised RTEs for a multi-phase medium
comprising of two semi-transparent phases are given by Equation
(1), where the spectral subscript has been omitted for brevity. This
set of equations is derived from the discrete-scale RTEs valid in the
individual phases and the corresponding inter-phase boundary
conditions [14]. Ii is the volume-averaged local intensity, Ib;i is the
volume-averaged blackbody intensity in vacuum, ki; ss;ij; Fi;j are
the effective absorption and scattering coefﬁcients and the scat-
tering phase functions respectively.
bs,VIi

x;bs ¼ biIi

x;bsþ kd;iIb;i

x;bs
þ ss;ii
4p
Z4p
Ui¼0
Iiðx;bsiÞFii
bsi;bs

dUi
þ ss;ji
4p
Z4p
Ui¼0
Ijðx;bsiÞFji
bsi;bs

dUi;
i; j ¼ 1;2; isj
(1)
The effective properties, given in Equations (2)e(6), are a
combination of single phase bulk material properties
(bd;i; kd;i; sd;s;i; Fd;ij) and morphology-dependent properties
(srefl;s;i and srefr;s;i),
ss;ii ¼ ss;refl;i þ ss;d;i (2)
ss;ij ¼ ss;refr;i (3)
Fii ¼ s1s;ii

Frefl;iss;refl;i þ Fd;iss;d;i

(4)
Fij ¼ s1s;ijFrefr;iss;refr;i (5)
bi ¼ bd;i þ ss;refl;i þ ss;refr;i (6)
Simulations are conducted for 10 mm thick semi-inﬁnite slabs,
exposed to a diffuse beam parallel to the surface normal and a
perfectly black boundary at the rear. Reﬂectance, R, is the integrated
ﬂux leaving the inlet surface and absorptance, A ¼ 1 R Tr,
Table 1
Numerically determined porosity, density, mean solid and pore diameters, REV edge
length and size parameters calculated for a reference wavelength of 1 mm, for the
four samples investigated.
Carbon Phenolic Graphite
N. Banerji et al. / Carbon 122 (2017) 451e461 453where Tr is the slab transmittance, i.e. the integrated ﬂux leaving
the outlet surface. The two-phase morphology associated proper-
ties are determined by direct pore-level simulations [8,11,22]
applied to the real 3D geometries of the samples obtained by
high resolution synchrotron computed tomography.Virgin Decomposed Virgin Decomposed
Porosity 0.57 0.81 0.08 0.28
Density (kg m3) 602 266 1435 1123
dpore (mm) 11 20 8 10
dsolid (mm) 15 11 25 22
lREV (mm) 0.11 0.17 0.16 0.15
Ref. size parameter, xref 35.78 62.49 23.84 30.072.2. Composite sample morphology
To evaluate the feasibility of using the tomography-based
approach for TPS materials, preliminary discrete-scale morpho-
logical and radiative characterisation of a highly porous alumina
foam has been conducted, using low resolution, low ﬂux tomog-
raphy [23]. This investigation revealed several insufﬁciencies in the
data quality, contrast and resolution, leading to difﬁculty in image
segmentation. Higher beam energies and higher resolution were
obtained via a campaign, conducted at the TOMCAT beamline of the
Swiss Light Source (SLS) at the Paul Scherrer Institute [24]. The data
were collected using an 18 keV photon energy, an exposure time of
130 ms, and a microscope allowing for a spatial resolution of
0.33 mm resulting in a ﬁeld of view of 2560  2560 x 2160 pixels
(845  845  713 mm3). In composite materials, the resin phase
typically presents nanometre sized structural characteristics. It is
therefore likely that the 0.33 mm pixel size is not sufﬁcient to
resolve these structures. The chosen segmentation is therefore an
approximation of the gas-resin phase morphology, within the
limits of the resolution of the imaging technique.
To examine the effect of material decomposition, the gas phase,
occupying the pore space, is artiﬁcially adapted via image seg-
mentation to (i) include only the air phase (virgin case) and to (ii)
include air and resin phases where the resin phase is assumed
decomposed and comprises of highly attenuating pyrolysis gases
(decomposed case). In both cases, one phase combines two sepa-
rate components along with their bulk properties. This approxi-
mation avoids the use of a three-phase model. This is shown in 3D
surface renderings of the carbon phenolic and graphite samples in
Fig. 1a and 1b respectively. The front half each image portrays the
material in its decomposed state, where complete gassiﬁcation ofFig. 1. 3D renderings of the sample geometries for (a) the medium porosity carbon phenolic
(b) the high density graphite reinforced polymer composite sample (solid phase in pink, re
sample is in its virgin state and the front in the decomposed state. (A colour version of thithe resin leaves a solid phase enveloped in attenuating gases. The
back halves of the samples portray the virgin state, where the solid
phase is made up of the ﬁbres and thermoset resin. Fig. 1a and 1b
are for illustrative purposes only. For all simulations, samples are
considered either fully decomposed or virgin and do not possess a
moving reaction front. The indices 1 and 2 are used for the gas and
solid phase respectively.
The investigated samples show structural anisotropy. In order to
reduce the complexity of results, which would have to be reported
as a function of polar and azimuthal angles, direction-averaged
properties were calculated.3. Results
3.1. Morphological characterisation
Porosities are calculated by two-point correlations using a
Monte Carlo method [25]. The porosity is seen to increase with
decomposition (as expected due to resin outgassing) from 0.57 to
0.81 for the carbon phenolic and from 0.08 to 0.28 for the graphite
sample. It is possible to evaluate the bulk material density of each
sample via Equation (7), commonly used in literature to model
charring ablators [26].composite sample (solid ﬁbre phase in blue, resin phase in purple and air in yellow) and
sin phase in yellow and air is not visible due to low volume fraction). The back of the
s ﬁgure can be viewed online.)
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As an input to this equation, the resin phase is assumed to
comprise of a combination of two polymers, with densities,
rA ¼ 300 kg$m3 and rB ¼ 900 kg$m3 [27,28]. The carbon ﬁbre
matrix has a density, rC ¼ 1600 kg$m3 and G is the resin volume
fraction and is said to equal to 0.5 and 0.1 for the carbon phenolic
and graphite reinforced polymer composites respectively [27,28].
By applying the porosities calculated based on the tomography
data, it is possible to evaluate bulk densities (Table 1) for compar-
ison with estimations given in literature [20,21]. The calculated
values fall within the range of densities given by themanufacturers,
within the limits of uncertainty.
The normalised pore-size distribution based on mathematical
opening distributions with spherical structuring elements [29] is
presented in Fig. 2a. With all its resin reacted, the decomposed
carbon phenolic sample shows the largest pores. Pore sizes increase
very slightly with decomposition for the graphite sample. The
mean pore size of the virgin samples are 11 and 8 mm for the carbon
phenolic and graphite samples respectively. For the decomposed
samples dpore are 20 and 10 mm respectively. Fig. 2b shows the
normalised solid phase distributions with a mean solid phase
diameter, dsolid, of 15 mm and 11 mm for the virgin and decomposed
carbon phenolic respectively. For the virgin and decomposed
graphite, dsolid is 25 mm and 22 mm respectively.
The representative elementary volume edge length (lREV),
describing the smallest volume for which continuum can be
assumed, is estimated based on porosity calculations on subse-
quently growing sample sub-volumes and is assumed sufﬁcient
when the solutions converge to the porosity within a band of
±0:025. The edge length of a cubic REV, lREV, for the four samples
investigated are 0.11 mm, 0.17 mm, 0.16 mm and 0.15 mm respec-
tively. For the discrete-scale calculations, a cubic sample of 0.27mm
edge length was used to ensure a constant domain size for all
samples investigated, which lies well within the required REV size.
All morphological characteristics and the reference size parameter,
used if not otherwise indicated, are summarised in Table 1. The
reference size parameter (xref ¼ pdpore=l) is based on the calcu-
lated mean pore diameter for a wavelength of 1 mm.Fig. 2. Morphological opening size distributions for the virgin (solid line) and decomposed (
samples for (a) the gas phase, and (b) the solid phase. (A colour version of this ﬁgure can3.2. Effective radiative properties
Calculations of the effective radiative properties are performed
for a combination of bulk properties at size parameters between 5
and 500, corresponding to wavelengths between 0.041 mm and
16.39 mm. Reﬂection and refraction are modelled by Fresnel's
equations and the generalised form of Snell's law [30] at the
specularly reﬂecting interfaces. Both phases are assumed to be
semi-transparent, i.e. its bulk absorption and scattering co-
efﬁcients, kd;i; sd;s;i are equal to a non-zero value and its refractive
indices do not equal 1. For cases such as the virgin graphite, where
smallest pore diameters are on the order of thewavelength studied,
wave effects estimated via Mie theory suggest values approxi-
mately 11% greater compared to those calculated using the current
methodology based on geometrical optics. The assumption of in-
dependent scattering is conﬁrmed using the criteria by Tien et al.
[31] for the smallest observed size parameter, x ¼ 5 and a pore
volume fraction of fv ¼ 0:08.
3.2.1. Extinction coefﬁcient
The product of mean pore diameter and effective extinction
coefﬁcient, b1, of the air or reactive gas-ﬁlled pore phase for all four
samples is plotted against the normalised bulk extinction coefﬁ-
cient, b1dpore, of the same phase and shown in Fig. 3a. The behav-
iour can be divided into two separate responses. For low
normalised bulk extinction coefﬁcients (b1dpore <0:01), little
attenuation in the gas phase is observed and the morphological
effects dominate. The numerical value of b1 in the limit of small bd;1
depends only on the morphological properties of the samples. The
simplest morphological characteristic, the porosity, shows a clear
trend: the effective extinction coefﬁcient is inversely proportional
to sample porosity. The decomposed carbon phenolic, with the
highest porosity, has the lowest effective extinction coefﬁcient, b1.
The higher density virgin and decomposed graphite samples show
signiﬁcantly more extinction in the morphologically dominated
response.
Once b1dpore increases past a threshold ( 101 for both the
carbon phenolic and graphite), internal radiation starts to
contribute heavily to the effective properties in a directlydashed line) forms of the carbon phenolic (blue) and graphite reinforced polymer (red)
be viewed online.)
Fig. 3. Normalised effective extinction coefﬁcient, bidi , as a function of normalised bulk extinction coefﬁcient of the (a) gas (bd;1dpore), and (b) solid (bd;2dsolid) phases. The lines
indicate the ﬁts detailed in Table 2. (A colour version of this ﬁgure can be viewed online.)
Table 2
Dependence of the effective extinction coefﬁcient of the gas and solid phase on the discrete-scale extinction coefﬁcient of the gas and solid phase, respectively. The functions
have been obtained by ﬁtting the calculated data points, indicated in Fig. 3.
Carbon Phenolic Graphite
Virgin Decomposed Virgin Decomposed
b1dpore bd;1dpore <101 0:48bd;1dpore þ 531:79 0:32bd;1dpore þ 0:33 0:51bd;1dpore þ 407:41 0:51bd;1dpore þ 509:26
bd;1dpore >101 2:99bd;1dpore þ 0:33 1:81bd;1dpore þ 0:36 129:11bd;1dpore þ 10:33 129:11bd;1dpore þ 12:91
b2dsolid bd;2dsolid <101 327:31bd;2dsolid þ 0:49 387:15bd;2dsolid þ 0:43 69:17bd;2dsolid þ 0:17 161:75bd;2dsolid þ 0:36
bd;2dsolid >101 3:77bd;2dsolid þ 0:56 4:37bd;2dsolid þ 0:48 0:98bd;2dsolid þ 0:24 1:99bd;2dsolid þ 0:44
Fig. 4. (a) Effective normalised scattering coefﬁcients as a function of refractive index ratio (n2=n1) for virgin carbon phenolic. (b) Effective scattering phase function for scattering
between different phases (phase 1: gas, phase 2: solid) for n2=n1 ¼ 2 (red lines) and n2=n1 ¼ 3 (black lines). (A colour version of this ﬁgure can be viewed online.)
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Table 3
Coefﬁcients of the seventh order polynomial ﬁt to the scattering phase functionsFrefl;1,Frefr;i and Frefl;2 for all four sample morphologies and the respective root-mean-square
error (RMSE).
n2=n1 f ðmÞ a0 a1 a2 a3 a4 a5 a6 a7 RMSE
3 Frefl;1 0.8311 0.8164 0.5952 0.4015 0.4374 0.3561 0.1639 0.8369 0.025
Frefr;i 11.95 14.80 4.116 7.353 0.9844 1.167 0.1128 0.0334 0.071
Frefl;2 (ms >  0:496) 5.31 6.666 0.3121 2.498 0.2017 0.2053 0.0092 1.291 0.016
Frefl;2 (ms <  0:496) 37985.85 204757.75 469654.75 594114.19 447589.81 200803.33 49671.38 5226.6 0.029
2 Frefl;1 0.3989 0.3937 0.3803 0.3207 0.1614 0.0784 0.0301 0.9771 0.019
Frefr;i 1.438 1.724 3.993 7.127 2.634 0.5232 0.2954 0.0047 0.036
Frefl;2 (ms >  0:771) 1.363 0.1673 1.428 0.1281 0.4855 0.0166 0.0559 1.111 0.014
Frefl;2 (ms <  0:771) 8.42 5.29e7 1.42e8 2.13e8 1.90e8 1.02e8 3.04e7 3.88e6 0.024
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of b1 with respect to bd;1. Similar behaviour can be seen for b2,
shown in Fig. 3. However, in this case, the volume fraction of the
solid phase is the relevant characteristic morphological property,
with decreasing effective extinction coefﬁcient for an increase in
solid volume fraction.
A set of semi-empirical linear curve ﬁtting functions for the data
presented in Fig. 3, is presented in Table 2. The curve ﬁts can be
used to estimate effective extinction coefﬁcients of similar material
samples and their corresponding changes with respect to reaction
extent or wavelength (via changes in size parameter) by moving
along the respective curve in Fig. 3. These values hold true for any
combination of wavelength and bulk material properties, both of
which affect the bulk extinction coefﬁcient.
3.2.2. Scattering
The normalised scattering coefﬁcients srefl;s;i and srefr;s;i, are
shown in Fig. 4a, as a function of the refractive index ratio (n2=n1)
for the virgin carbon phenolic sample at n2 ¼ 1;2;3 and n1 ¼ 1.
With increasing refractive index ratio, the radiation scattered
within a single phase (srefl;s;i) increases and the radiation scattered
from one phase to another (srefr;s;i) decreases due to a combination
of total internal reﬂection and increased directional hemispherical
reﬂectivity of the interface. Morphology does not signiﬁcantly
affect the scattering coefﬁcients as the decomposed sample ex-
hibits identical behaviour as do both graphite samples. This is
consistent with previous observations of the insensitivity of the
scattering behaviour on the sample morphology [22]. No wave-
length dependence is observed for the normalised scattering co-
efﬁcients assuming the real part of the refractive index at a
particular wavelength is given by the ratio indicated.
The scattering phase function is presented in Fig. 4b, as a
function of the directional cosine of the scattering angle,
ms ¼ cosðqÞ. The assumption of perfectly reversible interface
behaviour for photons scattered at the outer or inner boundary
produces identical inter-phase scattering functions
(Frefr;1 ¼ Frefr;2).
Frefr;i show a peak in the forward direction, which becomes
more pronounced with increasing ratio of refractive indices due to
increased directional hemispherical reﬂectivity of the interface at a
majority of incidence angles for n2=n1 ¼ 3. The phase function,
Frefr;i drops to zero in the backward direction as total reﬂection
limits the accessibility of angles below ms < 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 m2refl;tot
q
. Scat-
tering due to reﬂection at the interface of the gas phase (Frefl;1) has
access to all scattering angles and the scattering behaviour is
generally isotropic, with a small peak in the forward direction. For
the solid phase (Frefl;2), the phase function is ﬂat in the forward
direction, and rapidly approaches zero in the backward direction
due to total internal reﬂection limiting angles belowms <1 2m2refl;tot [22]. The forward scattering, highly anisotropic
behaviour for Frefl;2 is consistent with the work of Lee [6] for
ﬁbrous insulations. The curves shown in Fig. 4b are for the virgin
carbon phenolic sample. However, no sensitivity of the effective
scattering phase functions with respect to morphological differ-
ences or size parameter were observed and consequently these
functions are valid for both samples in their virgin and decomposed
states. Coefﬁcients of the seventh order polynomial ﬁt to the scat-
tering phase functions are detailed in Table 3.
Along with the effective extinction coefﬁcients calculated above,
this scattering data can be supplied to the continuum-scale RTEs to
accurately describe radiative heat exchange in two-phase media
with known bulk material properties and of similar porosity to the
samples considered in this paper. The RTEs can then be coupled to
the energy equation and support the accurate solution of heat and
mass transfer characteristics in complex macroporous reacting
media.3.3. Macroscopic optical properties
3.3.1. General solution
The dependency of absorptance on bulk extinction coefﬁcient
for each of the four investigated samples is shown in Fig. 5,
with n2=n1 ¼ 2, ss;d;i ¼ 0 and a wavelength of 1 mm (i.e. xref ). For
bd;1l  101 (Fig. 5b, 5c and 5d) and bd;2=bd;1 <102, the decom-
posed carbon phenolic sample, which has the highest porosity of
the four, shows the strongest absorptance and the high density
virgin graphite sample shows the lowest absorptance. In this range
the gas phase is dominating the absorption behaviour. The smaller
bd;1, the smaller this asymptotic absorption value. For increasing
bd;2=bd;1 ratios, the solid phase starts to also contribute to ab-
sorption, increasing the absorptivity. For cases with low gas phase
bulk absorption (bd;1l<102) as shown in Fig. 5c and 5d, the
contribution of the solid phase becomes so signiﬁcant that the
absorptivity of the low porosity and high porosity sample cases
cross and the virgin graphite sample, which has the lowest porosity
of the four, shows the highest absorptance and the decomposed
carbon phenolic sample shows the smallest absorptance.
This crossover is not visible for the cases with very large bd;1
(Fig. 5a and 5b), as with increasing bd;2=bd;1, k2 grows, and if k2 >1,
direct reﬂection by the solid phase at the inlet boundary starts to
dominate the radiation behaviour. In this case (i.e. bd;1l  102 and
for large bd;2=bd;1), the low porosity sample has the largest fraction
of direct reﬂection and consequently the lowest absorptance. The
dominance of the inlet face is also visible for the cases with lower
bd;1 leading to a decrease in calculated absorptance with increasing
bd;2=bd;1 and eventually another cross of the low and high porosity
cases and a drop in the absorptance for all cases.
Fig. 5. Absorptance of a 10 mm thick slab exposed to diffuse irradiation at a wavelength of 1 mm (i.e. xref ) composed of the four samples for varying bulk extinction coefﬁcients,
n2=n1 ¼ 2 and for ss;d;i ¼ 0. (A colour version of this ﬁgure can be viewed online.)
N. Banerji et al. / Carbon 122 (2017) 451e461 457For bd;1l  101 and low bd;2=bd;1, shown in Fig. 5a and 5b,
direct reﬂection at the inlet boundary is observed, but this time due
to the gas phase where k1 >1. Absorptance is therefore inversely
proportional to porosity, with the high porosity decomposed car-
bon phenolic displaying low absorptance. Highest absorptance is
seen in the virgin graphite sample due to its low gas phase volume
fraction.
For cases where bd;1l  105 , slab transmittance is always zero
for all investigated samples due to large sample thickness coupled
with the presence of highly attenuating bulk phases. Everything
that is not absorbed, is therefore reﬂected. However, for
bd;1l  105, the virgin and decomposed graphite samples show
up to 9% and 3% transmittance respectively, for the small values of
bd;2=bd;1 <1, as shown in Fig. 6. Due to the low volume fraction of
the attenuating gas phase in both virgin and decomposed graphite,
as well as extremely low solid phase bulk extinction coefﬁcients,
radiation is transmitted across the slab. The same phenomenon is
insigniﬁcant (Tr<0:005) for the carbon phenolic samples due to the
increased presence of the gas phase.3.3.2. Application to thermal protection systems
The data in Fig. 5 is usable for any two-phase medium with a
porosity similar to the carbon phenolic or graphite samples. Here,
the absorptance of a 10 mm thick slab of the investigated TPS
materials is calculated. Lee [7] computed the bulk extinction coef-
ﬁcient for a carbon ﬁbre matrix as 9000 m1 while White [32]
calculated the same from experimental measurements to be
7700 m1 for a PICA material sample. Using a plasma radiation
database, PARADE v3.2 [33], gas phase absorption coefﬁcients are
calculated for an equilibrium mixture of pyrolysis products (given
in Table 4) at 3000 K (decomposed case). In a wavelength range of
50e5500 nm, the spectrally averaged gas phase bulk absorption
coefﬁcient was estimated to be 105 m1. For the virgin samples, gas
phase absorption coefﬁcient is assumed to be 10 m1, as this is the
lowest value investigated. Using Lee's estimation of the bulk
extinction coefﬁcient for the solid phase, bd;2=bd;1  900 for the
virgin case and bd;2=bd;1  0:09 for the decomposed case.
From Fig. 5b and 5d, assuming incoming radiation at a wave-
length of 1 mm, an increase in the absorption during decomposition
of the carbon phenolic from 0.76 to 0.94 is observed. The
Fig. 6. Fraction of incoming radiation, at a wavelength of 1 mm, that is reﬂected and
transmitted by the virgin and decomposed graphite samples for bd;1 ¼ 10 m1,
n2=n1 ¼ 2 and ss;d;i ¼ 0. (A colour version of this ﬁgure can be viewed online.)
N. Banerji et al. / Carbon 122 (2017) 451e461458reﬂectance decreases from 0.24 to 0.06. Using the same ratios of
bulk coefﬁcients - on the assumption that the carbon ﬁbre matrix
would be similar, and any hydrocarbon based resin would
decompose to form the same products at high temperatures -
absorptance in pyrolysing graphite increases from 0.82 to 0.84,
while reﬂectance decreases from 0.18 to 0.14. Radiation is not
transmitted across either sample for all extents of decomposition.Table 4
Equilibrium concentrations of phenolic products at 3000 K and 101325 Pa.
Species C CO H2
Mass fraction (n.d) 5:93 101 2:98 101 5:51 102
Fig. 7. Absorptance of a 10 mm thick slab composed of the four samples exposed to diffuse
where (a) k1 ¼ 7:958 102 and (b) k1 ¼ 7:958 105. (A colour version of this ﬁgure canThe change inmacroscopic optical properties is more critical for the
lower density carbon phenolic, compared to the higher density
graphite. These ﬁndings are signiﬁcant, especially given the desire
to replace current TPS materials with ones of low to medium
density.3.3.3. Spectral dependence
The spectral dependence of absorptance for the four samples
under consideration is presented in Fig. 7a, via evaluation at
different size parameters 5< x<500, with n2=n1 ¼ 2, k2=k1 ¼ 0:01
for k1 ¼ 7:958 102 and ss;d;i ¼ 0. The absorptance increases
with size parameter due to the increasing bulk extinction coefﬁ-
cient (while keeping n2=n1, k2=k1 and sd;s;i constant). At these size
parameters, with the given value for k1, the gas phase exhibits
opacity (bd;1dpore >1). The decomposed carbon phenolic sample,
which has the highest porosity of the four samples, shows the
strongest absorptance and the high density virgin graphite sample
shows the lowest. For values of x below 50, a steep increase in
absorptance, the rate of which is proportional to sample porosity, is
observed. For x>150, the absorptance attains a local asymptote.
A similar behaviour for the absorptance with respect to the size
parameter is observed for k1 ¼ 7:958 105 as shown in Fig. 7b. In
this case, the gas phase extinction coefﬁcient exhibits semi-
transparent behaviour at small size parameters (x<500). At large
size parameters, the gas phase exhibits opaque behaviour, resulting
in the high porosity carbon phenolic sample exhibiting the highest
absorptance. It can be seen that at values of x>800, the curves start
to cross over, following the same trends observed for k1 ¼ 7:958
102 with the highest absorptance observed for highest porosity
decomposed carbon phenolic. These curves are expected to
asymptotically attain their local maxima at even higher size
parameters.C2H2 H C4H2 C2H
4:44 102 5:78 103 2:21 103 1:51 103
irradiation for different size parameters (xref ), for n2=n1 ¼ 2, ss;d;i ¼ 0 and k2=k1 ¼ 0:01
be viewed online.)
Fig. 8. Absorptance of a 10 mm thick slab exposed to diffuse irradiation. The slab is composed of the four samples for different gas phase scattering albedos (ud;1) for
k1 ¼ 7:958 104, k2=k1 ¼ 0:01 and n2=n1 ¼ 2. Across - variation of solid phase scattering albedo, ud;2 ¼ 0;0:5;1; Down - variation of size parameter, x ¼ 5 and 500. (A colour
version of this ﬁgure can be viewed online.)
N. Banerji et al. / Carbon 122 (2017) 451e461 459At a temperature of approximately 3000 K, the possibility exists
for a TPS material's gas phase to attenuate strongly compared to its
solid phase. If both phases are strongly absorbing, from Fig. 7a, it
can be seen that the decomposed carbon phenolic compositewould
absorb approximately 88% of the incoming radiation at wave-
lengths in the near infrared and above (l  1.25 mm for x>50). The
decomposing graphite reinforced polymer composite would absorb
less radiation at 81% due to the less absorbing solid phase making
up the majority of its structure.3.3.4. Scattering effects
The inclusion of scattering, by varying the scattering albedos of
both phases, results in a signiﬁcant change in sample absorptance.
Calculated absorptances are plotted in Fig. 8 against gas phase
scattering albedos (ud;i ¼ sd;s;i=bd;i). From left to right, the columns
present absorptance values calculated by including scattering
within the solid phase, by selecting ud;2 to be equal to 0;0:5 or 1
with varying bd;i for k1 ¼ 7:958 104 and k2=k1 ¼ 0:01. From top
to bottom, each row represents a different selected size parameter
used in the calculation, x ¼ 5 and 500, to demonstrate any wave-
length dependency.
For x ¼ 5 and 0  ud;2  1 (Fig. 8a, 8b and 8c), a decrease in
absorptance for all samples with an increase in ud;1 is observed.
Sample porosity plays an inﬂuential role in these results. If the solid
volume fraction is high (i.e. virgin graphite), variations in scattering
albedo ud;1 do not signiﬁcantly affect absorption for ud;2 ¼ 0 and
0.5. This is due to themajority of the sample comprising of the solid
phase and thus overall slab reﬂectance not being signiﬁcantly
augmented by scattering in the gas phase. However, when ud;2
equals 1, high values of ud;1 result in a substantial drop in
absorptance. Conversely, absorptance in the high porosity decom-
posed carbon phenolic sample is more signiﬁcantly affected byincreasing ud;1, and drops even further by increasing ud;2 due to
cumulative scattering effects in both phases.
For x ¼ 500 (Fig. 8d, 8e and 8f), discrete extinction coefﬁcients
bd;i are extremely high and invoke a stronger absorption coefﬁcient
kd;i irrespective of the scattering albedos investigated. The
absorptance values for each sample therefore remain constant for
0  ud;1  0:9 after which scattering in both phases dominates
absorption, leading to a steep increase in reﬂectance and a corre-
sponding decrease in absorptance.
Carbon ﬁbres used in TPS materials are said to be highly scat-
tering [7], selected to help transfer heat away from the payload via
re-radiation. From Fig. 8d, it can be seen that for lower wavelengths
(x ¼ 500), slab absorptance is mainly based on sample porosity. The
percentage of incoming radiation absorbed by the decomposed
carbon phenolic sample remains constant at approximately 97%
with variations in the solid phase scattering albedo (ud;2). However,
with an increase in scattering, samples with lower porosities begin
to reﬂect more incoming radiation. A large drop in absorptance is
thus seen for the decomposing graphite reinforced polymer com-
posite. At higher wavelengths (x ¼ 5), shown in Fig. 8a, 8b and 8c,
absorption behaviour is affected grately by scattering in the gas
phase in addition to the aforementioned variables. For a highly
scattering gas phase, the decomposed carbon phenolic sample with
the highest porosity reﬂects the largest amount of incoming radi-
ation. Optimising a TPS for re-radiation behaviour therefore re-
quires a compromise between density (porosity) and spectrally
resolved scattering properties dependant on the relevant ﬂight
conditions.
The presented results can be used as a library of absorption and
scattering data for a macroporous sample and be incorporated into
any continuum modelling of chemically reacting media, such as a
pyrolysing TPS material, gasifying biomass or oxidising ﬁbres
(assuming they have similar morphologies). The individual cells of
N. Banerji et al. / Carbon 122 (2017) 451e461460the computational domain would have to be checked for the re-
action convergence state or the composition of the pyrolysis gas at
every time-step after which the radiative characteristics of the cell
can be calculated and updated based on the given correlations. For
example during atmospheric entry, the increasing reaction front in
the TPS material results in time-dependent (decomposition
extent), variable optical properties in the TPS through its
thickness.4. Conclusions
Accurate radiative modelling and characterisation of reacting
carbonaceous macroporous media consisting of at least two semi-
transparent phases is essential for applications in the space,
chemical and solar-thermal industries. A multi-scale methodol-
ogy based on computed tomography and Monte Carlo ray tracing
was used to determine the macroscopic optical properties of such
samples. More speciﬁcally, the aim was to understand above
which threshold individual bulk phase properties start to domi-
nate overall absorption behaviour and the dependence of this
dominance on sample morphology. Furthermore, the changes in
optical properties during the decomposition of the carbonaceous
samples were quantiﬁed. The analysis was applied to two thermal
protection system material samples, a medium density carbon
phenolic composite and a high density graphite reinforced poly-
mer composite. The exact 3D morphologies of the materials'
complex porous structures were recorded using high resolution
synchrotron computed tomography with a spatial resolution of
0.33 mm. Once segmented, direct pore level simulations were used
to determine the effective radiative properties, namely, the
effective extinction and scattering coefﬁcients and the scattering
phase functions.
The volume averaged radiative transfer equations were then
used to determine the overall reﬂectance, absorptance and trans-
mittance of semi-inﬁnite slabs of the TPS materials. The effect of
wavelength on these properties was evaluated for a range of size
parameters (5< x<1000) and the effect of scattering in the bulk
phases was also evaluated (0  ud;1  1; 0  ud;2  1). Extent of
material decomposition was seen to signiﬁcantly affect the radia-
tive behaviour of the TPS samples. Absorptance during decompo-
sition increased from 0.76 to 0.94 for carbon phenolic and from 0.82
to 0.84 for graphite. Reﬂectance decreased from 0.24 to 0.06 and
from 0.18 to 0.16 respectively. The increase in absorption was
greater for the lower density carbon phenolic compared to the high
density graphite reinforced polymer composite.
This is a signiﬁcant result, especially given the aim of replacing
older, denser TPS materials with newer, more porous and lighter
ones. Given knowledge of the bulk properties, the data presented
can be incorporated in heat transfer calculations of macroporous
media applied in the space or solar energy conversion domains, in
order to quantify, design and optimise these applications.Acknowledgements
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